In the vertebrate visual system, ON cells respond to positive contrasts and OFF cells respond to negative contrasts, and thus both ON and OFF cells exhibit rectification. We investigated the retinal circuits by which the ON pathway rectifies the OFF pathway. White noise was projected onto an in vitro preparation of the mammalian retina and excitatory currents were recorded from retinal ganglion cells under whole-cell voltage clamp. Currents in OFF cells were more rectified than those in ON cells: thus, currents in ON cells were able to signal both positive and negative contrasts, but currents in OFF cells were virtually restricted to negative contrasts. Blocking signals in the ON pathway derectified currents in OFF ganglion cells, thus allowing them to be modulated by positive contrasts, indicating that the ON pathway normally rectifies currents in OFF ganglion cells. Such cross-rectification from ON to OFF pathways required intact glycinergic inhibition, indicating that a glycinergic amacrine cell, most likely the AII amacrine cell, allows the ON bipolar cell to hyperpolarize the OFF bipolar cell close to the threshold for transmitter release, thus rectifying excitatory currents in the OFF ganglion cell. Asymmetrical rectification of ON and OFF cells may be an adaptation to natural scenes that have more contrast levels below the mean than above. Thus, in order for ON and OFF pathways to encode an equal number of contrast levels, the ON cells must signal some negative contrasts.
Introduction
The visual system consists of separate ON and OFF pathways that begin in the retina, travel through the lateral geniculate nucleus, and mix together to form the receptive fields of cortical neurons (Hirsch, 2003) . An essential distinction between ON and OFF neurons is that they signal opposite contrasts: ON neurons signal positive contrasts (brightening), and OFF neurons signal negative contrasts (dimming). The light responses of ON and OFF neurons also show differences in receptive field size, temporal kinetics, maintained firing and noise correlations, presumably the result of being constructed of different interneurons, neurotransmitter receptors, and signaling cascades (Chichilnisky and Kalmar, 2002; Zaghloul et al., 2003; Margolis and Detwiler, 2007; Murphy and Rieke, 2008) .
ON and OFF pathways run independently through the retina and consist of separate component neurons but are connected by "cross" circuits. In one such circuit, the ON bipolar cell couples electrically to the AII amacrine cell, which in turn makes glycinergic inhibitory synapses onto the OFF bipolar cell (Fig. 1) . It has been known for some time that, under dim (scotopic) illumination, the AII amacrine cell is a necessary conduit of rod signals to both ON and OFF bipolar cells; during bright illumination, the AII amacrine cell is bypassed and cone signals flow directly to ON and OFF bipolar cells (Fig. 1) . Recently, however, it was discovered that, during bright illumination, the AII amacrine cell allows the ON bipolar cell to inhibit the OFF bipolar cell and the OFF ganglion cell (Xin and Bloomfield, 1999; Roska and Werblin, 2001; Pang et al., 2007; Manookin et al., 2008) . This "crossinhibition" suppresses anomalous ON responses by the OFF ganglion cell and extends the response range of the OFF ganglion cell (Rentería et al., 2006; Manookin et al., 2008) .
Here, we provide evidence that this AII amacrine cross circuit has another important function. We find that, during bright illumination, excitatory currents are less rectified in ON ganglion cells than in OFF ganglion cells; thus, ON cells can signal negative contrasts to some extent. The mechanism for this asymmetrical rectification is that the ON cone bipolar cell through the AII amacrine cell cross-inhibits the OFF bipolar cell and thus brings its set point closer to the threshold for tonic transmitter release, which rectifies its synaptic output onto the OFF ganglion cell. Rectifying the output of the OFF bipolar cell restricts it to signaling negative contrasts and ensures that it does not duplicate the function of the ON bipolar cell, which is to signal positive contrasts. Furthermore, through cross-inhibition, the ON bipolar cell appears to fine-tune the output of the OFF bipolar cell, rendering it more responsive to high frequencies and increasing its gain.
amino acids and vitamins, pH 7.4. 1,2,5,6-Tetrahydropyridin-4-yl methylphosphinic acid (TPMPA) (50 M; Sigma-Aldrich) was used to block GABA C receptors. Strychnine (2 M; Sigma-Aldrich) was used to block glycine receptors. L-2-Amino-4-phosphonobutyric acid (L-AP4) (25 M; Tocris Bioscience) was used to block mGluR6 receptors. 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX) (40 M; Sigma-Aldrich) was used to blocked AMPA/kainate receptors, and D-(Ϫ)-2-amino-5-phosphonopentanoic acid (D-AP5) (100 M; Sigma-Aldrich) was used to blocked NMDA receptors. Meclofenamic acid (MFA) (100 M; Sigma-Aldrich) was used to block gap junctions. All drugs were applied by adding them to the Ames' superfusate.
Recording. A glass electrode (6 -10 M⍀) was formed with a Sutter P-87 puller (Sutter Instrument) and filled with the following (in mM): 110 Cs, 110 gluconate, 10 NaCl, 1 EGTA, 2.5 Na, 10 HEPES, 10 QX-314 (lidocaine N-ethyl bromide), 6 Lucifer yellow, which was adjusted to 310 mOsm with glucose and to pH 7.2 with gluconate. The calculated reversal potential for glutamate channels (E glut ), with equal permeability to Cs ϩ and Na ϩ , was ϳ2 mV, and the calculated reversal potential for Cl Ϫ channels equally permeable to Cl Ϫ and Br Ϫ (GABA, glycine, E ClϪ ) was approximately Ϫ49 mV. The holding voltage was corrected for a calculated junction potential of Ϫ13 mV but not for voltage errors generated by the access resistance because these errors were small (R a ϭ 39 Ϯ 5 M⍀; I hold ϭ Ϫ83 Ϯ 28 pA; V a ϭ Ϫ3 Ϯ 1 mV). The access resistance limited voltage-clamp frequency to ϳ80 Hz, above the ϳ20 Hz bandwidth of the
Ϫ1 ; C m ϭ 50 pF). The recordings were acquired with an AxoPatch 200B patch-clamp amplifier (eight-pole Bessel filter; f c ϭ 1 kHz) and digitized at 2 kHz using pClamp 7 (Molecular Devices). The data were then downsampled digitally to 200 Hz and analyzed using IGOR (Wavemetrics).
To record excitatory currents, cells were voltage clamped at E Cl (Ϫ49 mV), which is the reversal potential of inhibitory currents from amacrine cells, thus nullifying the driving force for inhibitory currents (Freed et al., 2003; Freed, 2005) . The accuracy of the voltage clamp was assessed by blocking all inhibitory currents with strychnine and picrotoxin, stimulating with white noise, and then, by voltage clamping at different potentials, determining the reversal potential for excitatory currents. For the cell types examined here, the reversal potential corrected for access voltage (V a ) was 0.7 Ϯ 2.2 mV, not statistically different from the calculated E glut of 2 mV, indicating that the membrane was clamped close to the holding voltage. The holding current at reversal was 68 Ϯ 30 pA, approximately equal in absolute magnitude to the holding currents for our recordings of excitatory currents (Ϫ83 Ϯ 28 pA). This suggests similar voltage-clamp errors at reversal and during our recordings, and therefore suggests that during recordings the membrane potential was set close to the holding potential.
Visual stimulus. The stimulus was provided by a 556 nm light-emitting diode that projected diffusely over the entire ϳ1 cm 2 piece of retina. The circuitry driving the diode enabled a stimulus time constant of 140 s. For the white noise stimulus, intensities were chosen at random from a Gaussian distribution at 1 kHz, and then filtered at 100 Hz (four-pole low-pass digital filter). The mean intensity of the stimulus was 3 ϫ 10 5 photons m Ϫ2 s Ϫ1 , resulting in a photoisomerization rate of 4.6 ϫ 10 4 R* s Ϫ1 for a rod and 3.3 ϫ 10 4 R* s Ϫ1 for an M cone ( rod max ϭ 500 nm; cone max ϭ 529 nm; rod outer segment, 16.2 m ϫ 3 m 2 ; cone outer segment, 8 m ϫ 3 m 2 ) (Yin et al., 2006) . These photoisomerization rates indicate that, for the noncolor opponent ganglion cells recorded here from the upper retina, synaptic input is approximately equally divided between rods and M cone signals (Yin et al., 2006) .
Analysis of recordings.
We modeled recorded currents with a linearnonlinear model consisting of a linear filter and a static nonlinearity (Chichilnisky, 2001) (Fig. 2) . This model has proven to accurately replicate synaptic currents in retinal ganglion cells by capturing their strong rectification (Kim and Rieke, 2001; Zaghloul et al., 2003) . The filter component of the model is a linear approximation of the time course of these currents, and the static nonlinearity component corrects for nonlinearities including rectification at the synapse. A stimulus of temporally varying intensity s(t) is passed through the filter f(t) to give the linear prediction l(t):
where ⅐ denotes convolution. The model then passes the linear prediction through the static nonlinearity n:
Figure 1. The ON pathway cross-inhibits the OFF pathway via the AII amacrine cell. ON and OFF pathways start at the top of the diagram and continue to the bottom: the cone synapses onto both ON and OFF cone bipolar cells, which provide excitatory glutamatergic inputs (ϩ) to ON and OFF ganglion cells, respectively. A cross-inhibitory circuit goes from left to right: the ON bipolar cell is coupled electrically to the AII amacrine cell, which inhibits (Ϫ) the OFF bipolar cell and the OFF ganglion cell. The ON bipolar cell receives feedback inhibition from a GABAergic amacrine cell. Note that, while recording excitatory currents, the inhibitory inputs to the OFF ganglion cell were blocked by voltage clamping at the reversal potential for chloride (V m ϭ E Cl ). Synaptic blockers are indicated in red (L-AP4, TPMPA, MFA, strychnine, and CNQX ϩ D-AP5).
Figure 2.
Measuring gain and rectification from a linear-nonlinear (L-NL) model. The input to the L-NL model is white noise: this passes through two components of the model, a linear filter and a static nonlinearity (middle). The parameters of the model minimize the error between the output of the model and the average of the recorded currents (bottom). Rectification is measured from the static nonlinearity by comparing the range of current signaling the preferred contrast ( a) to the total range of current ( b) (see Materials and Methods). Gain is measured as the slope of the linear portion of the static nonlinearity (bracket). Note that, in this and subsequent figures, the static nonlinearity of the ON cell is flipped left to right to preserve the convention that an inward (negative) current corresponds to positive contrast.
where p(t) is the predicted output. In practice, the filter was constructed as the cross-correlation of the response and stimulus divided by the autocorrelation of the stimulus:
where S( f ) and R( f ) are the Fourier transforms of the stimulus and recorded currents, respectively, * denotes the complex conjugate, and ͗…͘ denotes averaging across a series of overlapping 512-point windows incremented by ϳ50 points and then across stimulus repetitions.
The static nonlinearity was constructed by graphing the recorded currents parametrically against the linear prediction, binning, and averaging groups of 20 data points that were closest in predicted value (Fig. 2) . The data points were fit with a scaled version of the cumulative normal distribution: n(l) ϭ ␣(␤C(l) ϩ ␥) ϩ ␦, where l represents the values of the linear prediction, C(l ) is the cumulative integral of the standard normal distribution; ␣ and ␦ are a scaling factor and offset, respectively, for the recorded currents; and ␤ and ␥ are a scaling factor and offset for the predicted currents (Chichilnisky, 2001; Zaghloul et al., 2003) . The scaled cumulative normal distribution was used as the static nonlinearity component of the model.
The ability of the model to predict the recorded currents over multiple stimulus repetitions was assessed by calculating the correlation coefficient between the output of the model and the recorded currents, which averaged r ϭ 0.74 Ϯ 0.03 (12 cells). The model was generated from oddnumber stimulus repetitions and currents recorded from evennumbered stimulus repetitions. The predictive ability of the model was then compared with that of the current averaged over stimulus repetitions, which is the maximum-likelihood prediction. The correlation between the average current and the recorded currents was r ϭ 0.85 ϩ 0.03. Thus, the model was 86 Ϯ 1% as accurate as the average current at predicting the recorded currents.
There is an ambiguity in two of the components of the model: increasing the amplitude of the filter f(t) or adjusting the slope of the static nonlinearity n(l ) by the same amount will not alter the output of the model. To resolve this ambiguity, we scaled the filter so that its output l(t) had the same variance as the stimulus s(t). By normalizing the filter in this consistent way, cell by cell differences in the gain of the model would be reflected in changes in the slope of n(l ) (Baccus and Meister, 2002) . Therefore, we measured gain as the slope of a line fit to the most linear portion of n(l ). In practice, we adjusted the length of a line until it produced the best fit to the static nonlinearity (r Ͼ 0.85; number of points Ͼ10).
We measured rectification from the static nonlinearity by determining the range of currents devoted to the preferred temporal contrast-positive for ON cells and negative for OFF cells and comparing it with the entire range of currents. Thus, a rectification index was calculated as (a/b Ϫ 0.5)/0.5, where a is the range of currents signaling the preferred contrast and b is the entire current range (a and b in Fig. 2 ). Given this index, a static nonlinearity that was equally divided between the preferred and nonpreferred contrast would have a rectification index of zero, whereas a static nonlinearity that was completely devoted to the preferred contrast would have a rectification index of one.
The power spectrum was calculated as P( f ) ϭ ͳR( f )R*( f )ʹ, with the same windowing as for the filter.
A one-tailed t test for independent values was used when comparing ON versus OFF cells. A one-tailed t test for paired values was used when comparing the same cells under different conditions. An ANOVA was used to compare multiple cell types. Measurements are expressed as mean Ϯ SEM; error bars in all figures represent SEM.
Determination of ON or OFF type. During recording, Lucifer yellow diffused from the pipette into the cell, and after recording, the cell was photographed as a stack of optical sections through the entire depth of the inner plexiform layer (IPL), using a combination of epifluorescence optics, differential interference contrast optics, and a cooled CCD camera (Hamamatsu Photonics). The depth of the fluorescent dendrites was measured by counting the number of sections between the somas in the inner nuclear and ganglion cell layers. Cells were classified as ON or OFF by depth in the IPL and by the impulse response of their excitatory currents: ON cells were in the inner half of the IPL and had an initially inward (downward) impulse response; OFF cells were in the outer half of the IPL and had an initially outward (upward) impulse response (see Fig. 3C 1 ,C 2 ).
Results

Excitatory currents in OFF ganglion cells are more rectified than those in ON ganglion cells
We recorded excitatory currents from ganglion cells, choosing small cells for best voltage-clamp control (cell body diameter Ͻ25 m; dendritic field diameter Ͻ250 m) (see Materials and Methods). The ON cells included ON ␤ cell and the G2 cell of Rockhill et al. (2002) ; the OFF cells included the OFF ␤ cell and the G5 cell of Rockhill et al. Some cells could be categorized as ON or OFF but were otherwise unclassified, as will be noted. The G5 was selected for experiments that required application of several . Note that the current deflections for the OFF cell are inward (downward) of the steady currents evoked by the mean intensity (I steady ), whereas deflections for the ON cell are both inward and outward of I steady , indicating that the OFF cell is more rectified than the ON cell. C 1 , C 2 , Impulse responses of the same ON and OFF cells. D 1 , D 2 , Static nonlinearities from the same ON and OFF ganglion cells. Note that the static nonlinearity for the OFF cell is more curved than that for the ON cell. The result is that almost the entire range of currents from the OFF ganglion cell is restricted to signaling negative contrast, but the currents from the ON ganglion cell are more evenly divided between positive and negative contrasts, confirming that the OFF cell is more rectified than the ON cell. n(0) is the current associated with zero contrast. E (top right of figure), Rectification index measured from static nonlinearities of 31 ON cells (15 ON ␤, 16 G2) and 33 OFF cells (7 OFF ␤, 20 G5, 6 LED). Error bars indicate SEM. different drugs (see Figs. 6, [8] [9] [10] because this cell type yielded particularly long and stable recording (typically 40 min). The local-edge cell was included with OFF cells because the ON component of their excitatory input drops out at high temporal frequencies (van Wyk et al., 2006) . As a result, broad-spectrum white noise evokes a clear OFF response (Devries and Baylor, 1997; Zeck et al., 2005) . By choosing small cells, we excluded the ␣ and ␦ types (Boycott and Wässle, 1974; Cleland and Levick, 1974; Berson et al., 1998) .
The stimulus had equal intensity across the retina and extended beyond a ganglion cell receptive field. The first 10 s of the stimulus was white noise (SD/mean ϭ 0.2) followed by 5 s of constant intensity equal to the mean intensity of the white noise (Fig. 3A) . The stimulus was repeated 20 -30 times. The white noise evoked a series of inward and outward current deflections; the following constant intensity evoked a steady current (I steady ). For OFF cells, the deflections were mostly inward and returned to a common baseline that was very close to the steady current (I baseline Ϫ I steady ϭ 6 Ϯ 3 pA; seven cells) (Fig. 3B 2 ) . For ON cells, however, the deflections were both inward and outward from the steady current, although there was an outward limit to these deflections that formed a baseline farther from the steady current (I baseline Ϫ I steady ϭ 47 Ϯ 19 pA; nine cells; p Ͻ 0.05 for ON vs OFF) (Fig. 3B 1 ) .
To see how positive and negative currents deflections were related to temporal contrast, we constructed static nonlinearities, which are plots of current versus neural contrast (Chichilnisky, 2001 ) (see Materials and Methods). Neural contrast was defined as the output of a linear filter but changed in sign for the ON cell to keep the convention that ON cells respond to positive contrast. The value of the static nonlinearities at zero contrast is termed n(0). For ON cells, static nonlinearities exhibited inward deflections from n(0) for positive contrasts and outward deflections from n(0) for negative contrasts (Fig. 3D 1 ). Yet significantly for OFF cells, the static nonlinearities exhibited inward deflections from n(0) for negative contrasts but limited outward deflections from n(0) for positive contrasts (Fig. 3D 2 ) . Thus, excitatory currents from OFF cells were virtually restricted to signaling negative contrasts and were more rectified than those from ON cells.
To quantify rectification from the static nonlinearity, we calculated how much of the entire range of currents was devoted to signaling the preferred contrast-positive for ON cells and negative for OFF cells-and then summarized the result with a rectification index (see Materials and Methods). By this index, OFF cells showed significantly greater rectification than ON cells; among ON cells, the ON ␤ showed less rectification than the G2, but either ON ␤ or G2 showed significantly less rectification than any of the OFF cell types (ANOVA; rectification index, 0.81 Ϯ 0.02 for 33 OFF cells vs 0.59 Ϯ 0.05 for 31 ON cells; p Ͻ 0.01) (Fig. 3E) .
A low rate of tonic transmitter release rectifies excitatory currents in OFF ganglion cells We hypothesized that excitatory inputs to OFF ganglion cells are more rectified than those onto ON cells because of a lower rate of transmitter release at zero contrast (i.e., a lower rate of tonic release). Thus, for OFF cells, transmitter release could increase to signal negative contrasts but could not decrease to signal positive contrasts, whereas for ON cells transmitter release could increase to signal positive contrasts and decrease to signal negative contrasts.
To test this, we measured the tonic current attributable to tonic transmitter release, using the glutamate receptors on the ganglion cell as sensors for transmitter release. First, we measured steady current under control conditions (I steady ). For ON cells, we curtailed transmitter release with L-AP4, and for OFF cells, we blocked glutamate receptors with CNQX plus D-AP5, and measured the steady current again (I 0 ). The value of I 0 is a measure of the current associated with zero release, and thus the difference between I steady and I 0 is a measure of the tonic current attributable to tonic release (I tonic ϭ I steady Ϫ I 0 ) (Fig. 4 B, D) . The result was that OFF ganglion cells exhibited less tonic current than ON ganglion cells, suggesting less tonic transmitter release (I tonic ϭ Ϫ9 Ϯ 4 pA for seven OFF cells; Ϫ48 Ϯ 17 pA for eight ON cells; p ϭ 0.05) (Fig. 4 E) . In four of these eight ON cells, I 0 was also measured with CNQX plus D-AP5 to block glutamate receptors, and its value was not different from I 0 measured using L-AP4 (difference ϭ 1 Ϯ 2 pA; p ϭ 0.60).
As we observed before for both ON and OFF cells, excitatory currents were limited at their most outward extent to a baseline ( Fig. 3B 1 ,B 2 ). We found that, when receptors were blocked or transmitter release curtailed, the resulting steady current was very close to this baseline (Fig. 4 B-D) , indicating that, when a deflection returns to baseline, transmitter release was minimal (I baseline Ϫ I 0 ϭ Ϫ7 Ϯ 4 pA for three OFF cells; Ϫ8 Ϯ 8 pA for eight ON cells; average for ON and OFF cells, Ϫ8 Ϯ 7 pA). Thus, the white noise stimulus apparently modulated transmitter release deeply enough that release was virtually halted for short intervals of time. 
Blocking the ON bipolar cell reduces rectification of excitatory currents in OFF ganglion cells
The ON bipolar cell couples electrically with the AII amacrine cell, which in turn makes glycinergic synapses onto the OFF bipolar cell (Fig. 1) . We hypothesized that this circuit allows the ON bipolar cell to hyperpolarize the OFF bipolar cell to the threshold for transmitter release, limiting its tonic release of transmitter and rectifying its output. If so, hyperpolarizing the ON cone bipolar cell should depolarize the OFF cone bipolar cell above the threshold for transmitter release, thus increasing tonic transmitter release and decreasing rectification at excitatory inputs to OFF ganglion cells.
To test this, we recorded excitatory currents in OFF ganglion cells, and then hyperpolarized the ON bipolar cell with L-AP4. L-AP4 significantly increased tonic current from Ϫ10 Ϯ 5 to Ϫ42 Ϯ 12 pA, indicating an increase in tonic transmitter release (six cells; p ϭ 0.03) (Fig. 4C, E) . L-AP4 also decreased rectification significantly in all cells tested from 0.73 Ϯ 0.06 to 0.47 Ϯ 0.06 (12 cells; p Ͻ 0.01) (Fig. 5 A, C,D) . Washing away L-AP4 returned rectification to normal, with no significant difference between wash and control (0.75 Ϯ 0.12; five cells; p ϭ 0.63). Furthermore, the decrease in rectification was negatively correlated with the increase in tonic current, supporting the idea that the rectification decrease was attributable to an increase in tonic current (r ϭ Ϫ0.91) (Fig. 4 F) . Apparently, under control conditions, the ON bipolar cell minimizes tonic transmitter release from the OFF bipolar cell and thus rectifies excitatory currents in the OFF ganglion cell.
Blocking the ON bipolar cell decreases gain and slows excitatory currents in OFF ganglion cells Cross-inhibition from ON bipolar cells and excitation from cones converge onto most OFF bipolar cells (Molnar and Werblin, 2007) . This combination of ON inhibition and OFF excitation should increase the gain compared with the gain of either input alone. Therefore, blocking ON bipolar cells should reduce the gain of the responses of most OFF bipolar cells and thus should reduce the gain of excitatory currents in their postsynaptic OFF ganglion cells (Fig. 1) . To test this, we recorded excitatory currents from OFF ganglion cells and then applied L-AP4. Gain was measured as the slope of the linear part of the static nonlinearity (see Materials and Methods). As expected, most cells (8 of 12) showed a gain decrease (Fig. 5E ).
ON cells have measurably faster response kinetics than OFF (Chichilnisky and Kalmar, 2002) and might impart these kinetics to OFF bipolar cells through cross-inhibition. Thus, blocking cross-inhibition might decrease the highfrequency response of the OFF bipolar cell. To measure frequency content, we calculated the power spectra of excitatory currents recorded from OFF ganglion cells (see Materials and Methods). As expected, L-AP4 increased power at low frequencies and decreased power at high frequencies (Fig. 5F ). Also, L-AP4 elongated the impulse response from 118 Ϯ 7 to 130 Ϯ 13 ms, consistent with a slowing of the response of the OFF bipolar cell (time to first zero crossing after t ϭ 0; p ϭ 0.06) (Fig. 5B) .
To quantify changes in frequency content, we calculated the middle frequency that divided the integral of the power spectrum into two equal areas. L-AP4 reduced middle frequency significantly in 9 of 12 cells; averaged for all cells, middle frequency declined significantly from 5.6 Ϯ 0.2 to 4.6 Ϯ 0.4 Hz ( p Ͻ 0.01) (Fig. 5G) . Washing away L-AP4 returned middle frequency to normal (five cells; control, 5.4 Ϯ 0.7 Hz; wash, 5.1 Ϯ 0.4 Hz; p ϭ 0.4). Apparently, under control conditions, the ON cone bipolar cell shifts the output of OFF bipolar cells to higher frequencies. Blocking the ON bipolar cell reduces rectification, gain, and the middle frequency of excitatory currents from OFF ganglion cells. A, Excitatory currents evoked by white noise from an OFF ganglion cell in control conditions and with L-AP4. Some current deflections fail to return to the baseline when L-AP4 is applied, consistent with a decrease in rectification (arrows). L-AP4 elongates current deflections. B, L-AP4 elongated the impulse response, consistent with elongated current deflections in A. C, Static nonlinearities from the same cell. The slope of the linear portion decreases, indicating a gain decrease (green lines). The inset shows static nonlinearities scaled to match current and contrast ranges. L-AP4 straightened the static nonlinearity and reduced rectification. D, Plot of rectification index in L-AP4 against rectification index in control conditions; each data point is a cell. All data points lie below the diagonal; thus, L-AP4 reduced rectification in all cells (2 OFF ␤, 10 G5). E, L-AP4 reduced gain in most cells. In this and subsequent figures, the open square and error bar shows the mean and SEM. F, Power spectra of excitatory currents: L-AP4 reduced power at high frequencies and increased power at low frequencies. Frequency response was measured by finding a middle frequency that had equal power above and below (dashed vertical lines). G, A plot of middle frequency with L-AP4 against middle frequency in control conditions. Most cells lie below the diagonal, indicating a decrease in middle frequency.
Blocking glycinergic synapses has effects similar to blocking the ON bipolar cell
If the ON bipolar cell rectifies the output of the OFF bipolar cell via the AII amacrine cell, then blocking the synapse between the AII amacrine cell and the OFF bipolar cell should have effects similar to those of blocking the ON bipolar cell (Fig.  1) . To test this, we recorded excitatory currents from OFF ganglion cells, and then blocked glycine receptors with its antagonist strychnine. Strychnine reduced the rectification index significantly from 0.76 Ϯ 0.03 to 0.66 Ϯ 0.07 and reduced the middle frequency from 6.5 Ϯ 0.3 to 5.1 Ϯ 0.4 Hz (10 cells; p Ͻ 0.01) (Fig. 6) . However, only one-half of the cells (5 of 10) showed a gain decrease, slightly different from L-AP4 for which most cells (8 of 12) showed a gain decrease. Possibly strychnine has an inconsistent effect because it blocks inhibition from the AII and from an additional 40% of the total amacrine population that is glycinergic and that may have various functions in the retina circuit (MacNeil and Masland, 1998; Menger et al., 1998) . Except for this difference, however, blocking glycinergic synapses had effects that were similar to blocking the ON bipolar cell, consistent with the idea that the ON bipolar cell rectifies excitatory currents in the OFF ganglion cell via the AII amacrine cell.
Augmenting the response of the ON bipolar cell rectifies the output of the OFF bipolar cell and shifts it to lower frequencies If blocking the ON bipolar cell decreases rectification at the output of the OFF bipolar cell, then augmenting the response of the ON bipolar cell should have the opposite effect. Figure 7 shows that TPMPA augments excitatory currents in ON ganglion cells, presumably by blocking inhibitory GABA C feedback onto ON bipolar cells and augmenting signals in the ON bipolar cell. Thus, we recorded excitatory currents from OFF ganglion cells, and then augmented the signals of the ON bipolar cell with TPMPA. TPMPA increased the rectification index significantly from 0.73 Ϯ 0.05 to 0.83 Ϯ 0.05, increased gain significantly to 150 Ϯ 10% of control value, and decreased middle frequency significantly from 5.9 Ϯ 0.4 to 4.6 Ϯ 0.4 Hz (15 cells; p Ͻ 0.01) (Fig. 8) .
Augmenting ON bipolar cell signals with TPMPA and blocking them with L-AP4 had opposite effects on rectification and gain at the output of the OFF bipolar cell. Yet both TPMPA and L-AP4 reduced high-frequency content. This is seemingly paradoxical, but TPMPA removes high frequencies from the signals coming from the ON bipolar cell, which should remove high frequencies from cross-inhibition to the OFF bipolar cell (Fig.  7 E, F ) . L-AP4 has the same effect because it abolishes this crossinhibition and thus removes a source of high frequencies.
If the effect of TPMPA on OFF bipolar cells is mediated by cross-inhibition, then it should be blocked by blocking the ON bipolar cell. To test this, we recorded excitatory currents from OFF cells, and then applied TPMPA as before, but then added L-AP4 to block the ON bipolar cell. Rectification increased to 116 Ϯ 8% of control values in TPMPA, but then decreased to 69 Ϯ 4% of control values in L-AP4 (four cells) (Fig. 9D) . Gain first increased with TPMPA to 137 Ϯ 17% of control value, but then decreased with L-AP4 to 88 Ϯ 15% of control value (Fig. 9B) , suggesting that the effects of TPMPA on the OFF bipolar cell depend on cross-inhibition.
The ON cone bipolar cell alters the frequency response of the OFF cone bipolar cell
We have shown that TPMPA shifts the output of the OFF bipolar cell toward lower frequencies. This could be an indirect effect of TPMPA via the ON bipolar cell and cross-inhibition or it could be a direct effect of TPMPA on the OFF bipolar cell (Fig. 1) . To test this, we applied TPMPA alone or with L-AP4 applied beforehand to block the ON bipolar cell (Fig. 10 A 1 ,A 2 ) . TPMPA alone reduced the middle frequency to 85 Ϯ 4% of control, but with L-AP4 beforehand it had no effect (to 101 Ϯ 4% of control; p Ͻ 0.05; four cells) (Fig. 10 A 3 ). This result indicates that the ON cone bipolar cell can alter the frequency response of the OFF cone bipolar cell indirectly via cross-inhibition.
If the effect of the ON cone bipolar cell on the frequency response of the OFF cone bipolar cell is mediated by crossinhibition, then it should be blocked when the glycinergic syn- . 5) . A, Excitatory currents from an OFF ganglion cell in control conditions and with strychnine. Note that some current deflections fail to return to the baseline when strychnine is applied, consistent with a decrease in rectification (arrows). B, Static nonlinearities from same cell. Inset, Strychnine straightened the static nonlinearity and reduced rectification. C, Strychnine reduced rectification in most cells (10 G5). D, The effect of strychnine on gain was inconsistent. E, Power spectra of excitatory currents: strychnine reduced power at high frequencies and increased power at low frequencies. F, Strychnine reduced the middle frequency of the power spectrum for most cells.
apses are blocked (Fig. 1) . To test this, we applied TPMPA alone or with strychnine applied beforehand to block glycinergic synapses ( Fig. 10 B 1 ,B 2 ). When applied alone, TPMPA reduced the middle frequency to 81 Ϯ 3% of control, but when strychnine was added beforehand it had significantly less effect (to 97 Ϯ 2% of control; p Ͻ 0.01; seven cells) (Fig. 10 B 3 ). This result confirmed that the ON cone bipolar cell can alter the frequency response of the OFF cone bipolar cell indirectly through crossinhibition. It surprised us that TPMPA worked through the ON bipolar cell and through cross-inhibition and apparently had no observable direct effect on the OFF bipolar cell, but this may be explained by a higher density of GABA C receptors on the ON bipolar cell than on the OFF bipolar cell Sagdullaev et al., 2006; Eggers et al., 2007) .
The effect of blocking the ON bipolar cell depends on gap junctions
The ON bipolar cell couples electrically with the AII amacrine cell by means of gap junctions (Fig. 1) . If the ON bipolar cell rectifies the output of OFF bipolar cell via the AII amacrine cell, then when gap junctional conductance is reduced, L-AP4 should be less able to reduce rectification in OFF cells. Although a blocker specific to the ON bipolar3 AII gap junction is presently unavailable, MFA suppresses the conductance of gap junctions throughout the retina, including those between the ON bipolar and the AII amacrine cells (Pan et al., 2007; Manookin et al., 2008; Veruki and Hartveit, 2009 ). Thus, we recorded excitatory currents from six OFF ganglion cells and then applied L-AP4 alone or with MFA beforehand. As expected, L-AP4 alone decreased the rectification ratio to 72 Ϯ 5% of control, but when MFA was applied beforehand, L-AP4 had significantly less effect (95 Ϯ 2% of control; p Ͻ 0.01) (Fig. 11) . Thus, the effect of blocking the ON bipolar cell, which is to reduce rectification OFF cells, depends on conductive gap junctions.
The AII inhibits OFF ganglion cells directly in addition to inhibiting the OFF bipolar cell. If MFA suppresses the ON bipolar-AII amacrine cell gap junction, MFA should prevent signals from reaching the AII amacrine cell and thus should suppress this direct inhibition. (Manookin et al., 2008) (Fig. 1) . To test this idea, we recorded IPSCs from six OFF cells by voltage clamping at the reversal potential for excitatory currents. MFA reduced the ON IPSC amplitude to 32 Ϯ 5% of control, indicating that MFA suppressed conductance of the ON bipolar-AII amacrine cell gap junction. MFA alone always increased rectification of excitatory currents in OFF ganglion cells (six of six), usually decreased its middle frequency (five of six), and always increased gain (six of six) (data not shown). These effects of MFA alone may be attributable to blocking gap junctions throughout retinal circuitry (Pan et al., 2007) . Possibly because of the widespread effects of MFA on retinal circuitry, MFA beforehand caused L-AP4 to have inconsistent effects on the gain and middle frequency of excitatory currents from OFF ganglion cells (data not shown).
Discussion
The ON bipolar cell rectifies the output of the OFF bipolar cell, increases its gain, and increases its response to high frequencies The circuit diagram of Figure 1 and our results help explain how the ON bipolar cell modifies excitatory currents in the OFF ganglion cell, setting their rectification, gain, and frequency response. Rectification is explained by considering the circuit resting at equilibrium during a constant light intensity: the ON cone bipolar cell sends current to the AII amacrine cell through gap junctions, depolarizing it, causing it to release glycine onto the OFF cone bipolar cell. This inhibition hyperpolarizes the OFF cone bipolar cell to near the threshold for glutamate release. Thus, when dynamic stimulation begins, such as the white noise stimulus used here, dimming depolarizes the OFF bipolar cell and increases its release of glutamate, but brightening hyperpolarizes the OFF bipolar cell below threshold and fails to decrease release. The inability of the OFF bipolar cell to decrease release rectifies excitatory currents in the OFF ganglion cell.
How the ON bipolar cell increases the gain of excitatory currents in some OFF ganglion cells is explained by considering that the ON cone bipolar cell, via the AII amacrine cell inhibits some OFF cone bipolar cells (Molnar and Werblin, 2007) : for these cells, brightening causes an increase in inhibition at the same time E, Power spectra of excitatory currents: TPMPA increased power at all frequencies but increased power at low frequencies more, as shown by the normalized spectra in the inset. F, TPMPA reduced the middle frequency of the power spectrum for most cells.
that the cone withdrawals excitation; dimming causes a withdrawal of inhibition at the same time that the cone increases excitation. A similar "push-pull" circuit has been described previously for the excitatory and inhibitory synaptic inputs to ganglion cells, and for differential electronic circuits, and is known to increase gain (Belgum et al., 1987; Molnar et al., 2009) . Increasing the gain of signals in the OFF bipolar cell increases the gain of excitatory currents in the OFF ganglion cell.
How the ON bipolar cell increases the frequency response of excitatory currents in OFF ganglion cells is explained because the output of the ON cone bipolar cell is modified by GABA C feedback, which has slow kinetics (Eggers and Lukasiewicz, 2006) . Thus, the feedback filters out low frequencies, causing the ON cone bipolar cell to have a high-pass output (Freed et al., 2003) . The resulting high frequencies are transmitted via the AII amacrine cell to the OFF cone bipolar cell and then to excitatory currents in the OFF ganglion cell.
AII amacrine cell mediates ON to OFF cross-rectification
There are many glycinergic amacrine cell types that send their dendrites to both ON and OFF sublamina, which could transmit signals from ON bipolar to OFF pathways (Strettoi et al., 1992; MacNeil and Masland, 1998; Menger et al., 1998; MacNeil et al., 2004) . Among them, the AII amacrine cell is the most likely to mediate cross-inhibition and rectification from ON to OFF pathways for multiple reasons. First, the AII is the most common amacrine cell in mammalian retina, comprising ϳ13% of the total population (MacNeil and Masland, 1998) and ϳ20 -30% of the glycinergic amacrine cells (Menger et al., 1998) . Second, the AII cell is electrically coupled to ϳ80% of ON cone bipolar cells, a coupling that is not altered by light or dark adaptation (Pang et al., 2007; Petrides and Trexler, 2008) . Third, originally the AII amacrine cell was proposed to be inoperable under photopic conditions (Smith et al., 1986; Mills and Massey, 1995) and to be confined to transmitting rod signals under scotopic conditions to both ON and OFF pathways, as part of the following circuit: rod3rod bipolar cell3 AII amacrine cell3 ON and OFF cone bipolar cells. Yet the AII has been shown to operate in bright light (Nelson, 1977; Dacheux and Raviola, 1986; Xin and Bloomfield, 1999) and to carry signals between ON and OFF pathways under photopic conditions (Manookin et al., 2008) . Finally, our experiments show that the derectifying effect of blocking the ON bipolar cell depends on gap junctions (Fig. 11) and strongly suggest that the AII amacrine cell mediates cross-rectification of the OFF bipolar cell by the ON bipolar cell.
The balance of inhibition and excitation maintains asymmetrical rectification at two sequential stages
We have focused on the following circuit: ON bipolar cell3 AII amacrine3 OFF cone bipolar3 OFF ganglion cell, but there is also the more direct circuit ON bipolar cell3 AII amacrine3 OFF ganglion cell (Fig. 1) . This direct circuit provides ON reinforcing inhibition that participates with excitation from OFF bipolar cells in a push-pull circuit (Manookin et al., 2008) . Thus, the AII amacrine cell participates in two push-pull circuits in sequence, both part of the OFF pathway: one that impinges on the OFF bipolar cell and another that impinges on the OFF ganglion cell. The advantage of a push-pull circuit is that it can increase gain, as mentioned already, but it can also linearize the membrane potential and removes distortion introduced by rectification at synapses (Molnar et al., 2009) . A push-pull circuit does not, however, necessarily linearize the final output of the neuron: the outputs of both OFF bipolar cell and OFF ganglion cell are clearly rectified and thus nonlinear (Zaghloul et al., 2003) .
OFF bipolar and OFF ganglion cells have rectified outputs because inhibition from the AII amacrine cell combines with excitation to bring their membrane voltage close to a threshold. For the OFF bipolar cell, the threshold is for glutamate release; for the OFF ganglion cell, the threshold is for spiking. The OFF ganglion cell may require inhibition to "squelch" firing because, unlike the ON ganglion cell, without synaptic input the OFF ganglion cell fires spontaneously (Margolis and Detwiler, 2007) . . Augmenting the response of the ON bipolar cell increases rectification, increases gain, and reduces the middle frequency of excitatory currents in OFF ganglion cells. A, Excitatory currents from an OFF ganglion cell in control conditions and with TPMPA. Some current deflections returned to the baseline when TPMPA was applied, consistent with an increase in rectification (arrows). B, Static nonlinearities from the same cell. TPMPA increased the slope of the linear portion. Inset, TPMPA made the static nonlinearity more curved, consistent with an increase in gain and in rectification. C, Most cells lie above the diagonal, indicating that TPMPA increased rectification (13 G5, 2 unclassified). D, TPMPA increased gain in all cells. E, TPMPA decreased power at all frequencies. Inset, Spectra normalized to peak power show that TMPA decreased power at high frequencies more than at low frequencies. F, TPMPA reduced the middle frequency of the power spectrum for almost all cells. Note: The four red cells in C and F were subjected to additional control experiments (Fig. 9) .
By setting membrane potential toward threshold in each circuit, the AII ensures that the output of the OFF bipolar cell is more rectified than that of the ON bipolar cell and that the spike train of the OFF ganglion cell is more rectified than that of the ON ganglion cell (Zaghloul et al., 2003) . Thus, it appears that the asymmetrical rectification of ON and OFF pathways is attributable to inhibitory input from the AII amacrine cell balancing excitatory input in the context of a push-pull circuit.
Asymmetrical rectification may equalize contrasts between ON and OFF pathways Why are inhibitory and excitatory inputs so carefully balanced to provide more rectification in the OFF than the ON pathway? The answer may lie in the distribution of light intensities in natural scenes, which is negatively skewed and thus has a preponderance of intensities below the mean (Brady and Field, 2000) . When filtered by bipolar receptive fields, there is a greater number of negative contrasts (dimming) than positive contrasts (brightening) (Burkhardt et al., 2006) . If contrasts are to be apportioned equally between ON and OFF pathways, thus ensuring that ON and OFF pathways convey equal amount of information, the ON bipolar cell should respond to some negative contrasts in addition to its complement of positive contrasts, and the OFF bipolar cell should be restricted to negative contrasts. Apparently the ability of the AII amacrine circuit, which allows the ON bipolar cell to rectify the output of the OFF bipolar cell, and thus limit its signaling to negative contrasts, is a subtle but important element of retinal design.
Rectification of ON and OFF signals may reduce the cost of visual processing
Without rectification, a single visual neuron could signal both positive and negative contrasts. Avoiding rectification would reduce distortion and might obviate the need for complex push-pull circuits to relinearize membrane potentials. This raises the question: what is the value of having two separate rectified pathways when one large linear pathway might do the job? The answer may be to reduce spike rate. A neuron whose spike train signaled both positive and negative contrasts would require a high spike rate at zero contrast. Instead, positive and negative contrasts are apportioned between ON and OFF pathways (with some negative contrasts for the ON pathway). The result Figure 9 . Control experiments to confirm that the effect of TPMPA on the rectification of OFF ganglion cells depends on the ON bipolar cell. A, Excitatory currents from OFF ganglion cell in control conditions, in TPMPA, and then with the ON bipolar cell hyperpolarized by adding L-AP4 to TPMPA. Some current deflections return to the baseline when TPMPA is applied, but fail to do so when L-AP4 is added, consistent with an increase, and then a decrease in rectification (arrows). B, TPMPA increased gain in all cells, but adding L-AP4 to TPMPA decreased gain (4 G5 cells; the dashed lines connect the same cells under different conditions). C, TPMPA made the static nonlinearity more curved and thus increased rectification, but adding L-AP4 to TPMPA straightened the static nonlinearity and thus decreased rectification. D, Effect of drugs on rectification. Most cells are above the diagonal for TPMPA but go below it when L-AP4 is added to TPMPA, suggesting that L-AP4 blocked the effect of TPMPA. A 1 , Power spectra of excitatory currents from an OFF ganglion cell (G5) normalized by the peak power. TPMPA shifted power to low frequencies. A 2 , Adding L-AP4 beforehand to block the ON bipolar cell reduced the effect of TPMPA on frequency response. A 3 , A plot of change in middle frequency attributable to TPMPA with L-AP4 added beforehand against the change attributable to TPMPA alone (4 G5 cells).Cellslienear100%whenL-AP4isaddedbeforehand,butbetween70and90%withoutL-AP4,indicatingthatL-AP4preventsTPMPA from reducing middle frequency. B 1 , Power spectra of excitatory currents from another OFF ganglion cell (G5) show that TPMPA shifted powertolowfrequencies.B 2 ,AddingstrychninebeforehandtoblockglycinereceptorsreducedtheeffectofTPMPAonfrequencyresponse. B 3 , A plot of change in middle frequency attributable to TPMPA with strychnine added beforehand against the change attributable to TPMPA alone (6 G5 cells, 1 unclassified). Cells lie near 100% when strychnine is added beforehand, but between 70 and 90% without strychnine, indicating that strychnine prevents TPMPA from reducing middle frequency.
is that, for natural and white noise stimulation, both ON and OFF cells fire in bursts separated by quiescent periods: thus, there is little "spontaneous" or "background" firing under natural stimulation (Meister and Berry, 1999; Koch et al., 2004 Koch et al., , 2006 . Since most natural stimuli have temporal contrasts concentrated near zero (Brady and Field, 2000) , where spike rate is low (Zaghloul et al., 2003) , linking a low spike rate to low contrast saves spikes. Similarly, glutamate release at the bipolar3ganglion cell synapse is bursty and typically quiescent near zero temporal contrast, which apparently saves glutamate (Freed, 2005) . Saving either spikes or glutamate may be energetically important, because spiking and glutamatergic synaptic transmission use ϳ40% of the total ATP requirements of the nervous system [Howarth et al. (2010) , with correction from Alle et al. (2009) ]. (Fig. 1) . MFA suppressed the IPSC, suggesting that it substantially blocks the gap junction between the ON cone bipolar and the AII amacrine cell (Manookin et al., 2008) . E, Summary of effect of MFA on peak amplitude of IPSC (2 LED, 3 G5, 1 unclassified).
